Abstract Light scattering enhancement is widely used to enhance the optical absorption efficiency of dye-sensitized solar cells. In this work, we systematically analyzed the effects of spherical voids distributed as light-scattering centers in photoanode films made of an assembly of zinc oxide nanoparticles. Spherical voids in electrode films were formed using a sacrificial template of polystyrene (PS) spheres. The diameter and volume concentration of these spheres was varied to optimize the efficiency of dye-sensitized solar cells. The effects of film thickness on this efficiency was also examined. Electrochemical impedance spectroscopy was performed to study electron transport in the electrodes. The highest power conversion efficiency of 4.07 % was observed with 12 µm film thickness. This relatively low optimum thickness of the electrode film is due to the enhanced light absorption caused by the light scattering centers of voids distributed in the film.
Introduction
Dye-sensitized solar cells(DSSCs) are gaining considerable attention because of their high conversion efficiency and low-cost fabrication.
1,2) DSSC primarily comprises a working electrode(or photoanode) and a counter electrode in electrolyte. 3, 4) The most critical parameter for improved cell efficiency is the working electrode. Although TiO 2 nanocrystalline-based electrode structures are commonly used in DSSCs that yield energy conversion efficiency values as high as 11 %, 5) ZnO is also analyzed because of its better electron transport property than TiO 2.
6,7)
However, the efficiency of the ZnO-based DSSCs still remains low at about 5.6 %, despite of various improvement attempts.
8)
The basic principles of high solar cell efficiencies are higher light absorption, enhanced photon-to-electron conversion rate, and small recombination of electrons during transport. Strategies to enhance the light-capturing capability, particularly in the visible and infrared regions, are of significant concern because ZnO has a band gap energy of 3.37 eV. Attempts have been made to introduce light-scattering centers into the electrode, and the opportunity of photon absorption by the dye molecules could be enhanced, leading to increased cell efficiency. Lightscattering centers are formed by submicrometer-sized particles added to a nanocrystalline film. [9] [10] [11] Some other nanostructures such as nanowires and nanotubes have also been attempted.
12,13)
Hore et al. 14) recently showed that spherical voids in nanocrystalline TiO 2 films can be more efficient in lightscattering centers than solid-scattering centers. Use of hollow scattering centers can provide efficient paths for electrolyte penetration into the electrode film and result in an enhancement of photovoltaic performance by 25 %. Hollow cavities in ZnO film also enhance light scattering and conversion efficiency of ZnO-based DSSCs. 15) In this study, we systematically analyze the effects of void-type scattering centers on the efficiency of ZnO-based DSSCs. We inserted various void sizes and concentrations into ZnO films by varying the sizes and concentrations of polystyrene(PS) spheres, which later burned out and left
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Experimental

Materials
Fluorine-doped tin oxide(FTO) glass substrate as a conductive transparency electrode (~8 Ohms/□, Pilkington) was used after cleaning by sonic treatment in acetone, ethanol, and DI water for 10 min each. Ruthenium baseddye(N719) solution contains a 1:1 volume mixture of acetonitrile and tert-butyl alcohol. The electrolyte was a solution of 0.60 M 1-methyl-3-butylimidazolium iodide, 0.03 M I 2 , 0.10 M guanidinium thiocyanate, and 0.50 M 4-tert-butylpyridine in a solvent mixture of acetonitrile and valeronitrile with a volume ratio of 85:15. ZnO powder with < 100 nm particle size, was used to fabricate the anode. Polystyrene(PS) spheres were synthesized in accordance with the previous works, 3, 16) in which the diameter of PS spheres was controlled by changing the weight of reagents as shown in Table 1 .
Fabrication of electrodes and dye-sensitized solar cell
The counter electrodes were prepared by DC-sputtering of Pt at 10 mA and 2 × 10 −3 Torr for 5 min on 2 cm × 2 cm FTO-glass substrates, as used in previous studies.
3,17)
The working electrode was made of films of ZnO powder. ZnO powder (3.2 g) and PS spheres (0.4 g) were mixed in a 0.2 M acetic acid solution, where the diameters of these spheres were varied (300, 500, 800, and 1000 nm) to examine void-size effects. The mixture was milled four times in a three-roll mill(EXAKT, 22851 Norderstedt, Germany) to form ZnO-paste. The paste was coated on the FTO substrates using the doctor blade method and annealed at 400 o C for 2 h in air to burn out the spheres and form spherical voids in the ZnO film. Since the photoanode fabricated with PS spheres of 500 nm size exhibited the highest efficiency, this size was employed in the following experiment. Varying concentrations (0.0, 0.2, 0.4, and 0.8 g) of PS spheres with diameter of 500 nm was mixed with 3.2 g ZnO powder to examine the effect of void density in the film, and the effect of film thickness was also examined. All fabricated films were immersed in a 0.3 mM dye, and kept at room temperature for 20 min for sensitizer uptake.
18) The dye-covered photoanode electrode and the Pt-counter electrode were assembled into a sandwichtype, dye-sensitized solar cell(DSSC), which is sealed with a thermo-bonding polymer(Surlyn, DuPont) of 60 µm thickness by heating at 120 o C for 5 min. A drop of the electrolyte was injected through the hole (0.8 mm) at the back of the working electrode, and the hole was sealed with a Surlyn layer.
3,4)
Measurements
The morphologies of the working electrodes were examined using field-emission scanning electron microscopy(FESEM, JEOL JSM-7000F). Photocurrent-voltage characteristics were measured with a computer-controlled potentiostat(IVIUMSTAT) under illumination from a Sun 3000 solar simulator composed of 1000 W mercurybased Xe arc lamps and AM 1.5-G filters. The light intensity was calibrated with a silicon photodiode, and the impedance spectra were obtained using IVIUMSTAT. The electrochemical impedance spectroscopy(EIS) of the DSSCs was examined at open-circuit condition under constant light illumination (100 mW·cm −2 ). The frequency ranged from 100 kHz to 100 mHz with a perturbation amplitude of 10 mV.
3,4) The obtained spectra were fitted using the Z-View software (v3.2c, Scribner Associates, Inc.) with reference to the proposed equivalent circuit. Optical transmission spectroscopy was measured with a Scinco S-3100, and X-ray diraction(XRD) measurements were done with a Rigaku D/MAX-RC (12 kW).
Results and discussion
The effect of void diameters to DSSC performance
The surface morphology of ZnO film and voidsdispersed ZnO films are shown in Fig. 1 . The morphology of voids depicted in Figs. 1(b)-1(e) were obtained by burning out the dispersed PS spheres with respective diameters of 300, 500, 800, and 1000 nm. The amount of PS spheres was 0.4 g for all the films, and called the samples as PS300-4, PS500-4, PS800-4, and PS1000-4, respectively. The diameters of the voids agree with the sizes of the PS spheres. Fig. 1(f) shows the crosssectional image of PS500-4 film with thickness of 12 µm having a uniform spherical void distribution without col- lapsing of the spherical voids after heat treatment. Otherwise, the films show solid interconnection among ZnO nanoparticles. The XRD patterns for ZnO and PS500-4 films after annealing at 400 o C are presented in Fig. 2 , which confirms the hexagonal wurtzite phase of the ZnO particles in the films(JCPDS36-1451). No changes in the crystalline phase were observed when voids were inserted in the PS500 film, although the peak intensity slightly decreased possibly because of the generated voids.
The performance of the DSSCs fabricated using the electrodes having different void sizes were measured under illumination by a Sun 3000 solar simulator composed of a 1000 W mercury-based Xe arc lamp and AM 1.5 G filter. The photovoltaic parameters of open-circuit voltage(V oc ), short-circuit current density(J sc ), fill factor (FF), and energy conversion efficiency(η) are summarized in Table 2 for the ZnO films dispersed under different void sizes. Generally, V oc values were not noticeably different between the cells, because V oc is mainly determined by the energy difference between the Fermi level of ZnO and the redox potential of the electrolyte. However, a significant difference was observed in J sc and FF. The highest efficiency was observed with the PS500 cell. The resonant scattering efficiently occurs when the size of scattering object is comparable with the wavelength of incident light. 19) Since the void volumes were controlled similar to the films, the highest short-circuit current of the PS500 cell resulted from the highest light scattering efficiency with the 500 nm-size voids.
The effect of void concentration to DSSC performance
To examine the effect of void concentration in the ZnO films, the amount of PS500 spheres was varied (0.0, 0.2, 0.4, and 0.8 g) for a fixed amount of ZnO (3.2 g). We call the films as ZnO, PS500-2, PS500-4, and PS500-8, respectively. The morphology of the films is shown in Fig. 3 , where the void concentration increases according to the PS amount. The transmittance spectra of the photoanodes under different void concentrations were measured in the normal direction to the sample as shown in Fig. 4 , and comparison with FTO glass substrate was also made. For ZnO having bandgap energy of 3.37 eV, the light absorption will be small for the wavelengths less than > 370 nm. 20) However, Fig. 4 shows nearly full absorption at < 600 nm for a pure ZnO film made by agglomeration of nanoparticles about 100 nm in size. The transmittance at an infrared wavelength of 1000 nm was only about 20 %. Therefore, the particulate morphology of the film greatly promoted the light absorption in the long-wavelength regions. Notably, we observed that the reflection is negligible in the films.
21) The transmittance was further lowered to almost zero in the long-wavelength region via inclusion of voids in the films, indicating that the spherical voids, each of about 500 nm in size, are highly efficient light-scattering centers leading to an enhanced optical absorption efficiency of the film in the long-wavelength region. Table 3 . The change in J sc is relatively large upon an increase of void concentration in the films, whereas changes in V oc are relatively small. The decrease of the current density with increasing void concentrations is brought by the decrease of the current path cross-section in the electrode. Meanwhile, the light absorption enhancement via enhanced scattering from the voids is already saturated with 0.2 g addition of the PS spheres, as shown in Fig. 4 . In conclusion, the morphology of agglomerated nanoparticles already exhibited high light-capturing efficiencies, and the inclusion of voids further improved the efficiency via enhanced light scattering. However, degradation of the current-carrying capacity of the electrode overrode the enhanced scattering effect at high void concentrations, where the optimized conversion efficiency obtained was 4.07 % for the PS2 electrode.
The electrochemical impedance spectra of the PS-series electrodes are shown in Fig. 6 . The spectra were fitted to the equivalent circuit using the Z-view software. Table 4 summarizes the estimated values of the charge-transfer resistances of both counter and working electrodes, as well as the CPE parameters for the interfaces of both electrodes. To merely compare the working electrodes, four counter electrodes were fabricated using the same method and materials. None of the parameters for the counter electrode interface showed any significant difference between the DSSCs. The Rct2 became small with increasing PS concentration from 0.0 g to 0.2 g, and Rct2 increased upon an increase in the PS concentration from 0.2 g to 0.8 g. The minimum Rct2 value of 4.55 Ω was obtained for the PS concentration of 0.2 g. A smaller Rct2 suggests longer electron lifetimes for power conversion efficiency 19) and decrease in total series resistance of the DSSCs. [2] [3] [4] 17) The impedance spectra observations well coincide with the solar cell efficiency measurement results.
Effect of electrode thickness to the performance of DSSC
An optimum thickness of electrode film exists because of the trade-off between the carriers transport to the terminal and the light absorption by dyes. The thicker film thickness enhances the light absorption by dyes, but will also lead to a long carrier-transport length towards increasing recombination probability. Thus, the optimization process for the thickness of ZnO-PS electrode is Table 3 . Photoelectric performance of the four cells shown in Fig. 5 . Fig. 6 . Nyquist plots of DSSCs for different photoanodes. The equivalent circuit diagram above is used to fit the observed impedance spectra. Abbreviations: R h , ohmic serial resistance, Rct1, charge-transfer resistance of the counter electrode; CPE1: constantphase element of the counter electrode; Rct2, charge-transfer resistance of the working electrode; CPE2, constant-phase element of the working electrode; W s , Warburg impedance. Table 4 . Impedance parameters of four DSSCs under different photoanodes estimated from the impedance spectra and equivalent circuit shown in Fig. 6 . necessary. Fig. 7 shows the cross-section SEM images for various film thicknesses from 10 µm to 20 µm for a given PS500-4 photoanode structure. Fig. 8 shows the corresponding J-V characteristics of the DSSCs fabricated from the varying thicknesses, and Table 5 summarizes the measured V oc , J sc , FF, and η values. The thickness for the best DSSC performance was 12 µm for the efficiency of 4.07 %. A DSSC fabricated with similar morphology of ZnO nanoparticles exhibited the highest efficiency of 5.61 % at a thickness of about 26 µm. 8) This slightly higher efficiency was obtained with a little larger parameter values(V oc , J sc , and FF) from a much thicker film thickness than that from the experiment. We note in ref.
Working electrode
8) that the films had been fabricated with ZnO nanoparticles of 20 nm size, 21) which is smaller than < 100 nm we obtained from the experiment. Thicker films formed by smaller grains will provide a larger contact area with the dye molecules increasing the electron concentration injecting into the oxide particles. However, note that the morphology of fine grains would limit the absorption wavelength to relatively shorter wavelength region because scattering centers of hundreds of nanometer size are necessary for absorption of long wavelengths (Fig. 4) . Furthermore, the long transport distance for the electrons to reach the external terminal as well as the large surface area would increase the recombination probability for the electrons. Therefore, we think the thin optimum film thickness in the study could be observed from the absorption of the entire wavelength range owing to the voids (Fig. 4) ; when all the light was absorbed on upper part of the film, the remaining lower part of the film simply enhances the recombination leading to a degradation in the electrode performance. Therefore, our thinner film should show less carrier recombination rate than ref.
8) Our inferior efficiency observed was then due to the smaller electron concentration injected to the ZnO particles because of the coarseness of the particles. Therefore, employing much finer nanoparticles, each having a diameter of about 10 nm, may improve the efficiency. In addition, the detail material properties such as crystallinity of ZnO nanoparticles and/or other factors related with DSSC fabrication might not be rejected from the possible causes.
Conclusions
We fabricated working electrodes distributed with voids that serve as light-scattering centers to enhance light absorption, particularly in the long-wavelength region. The performance of the electrodes was studied by fabrication of DSSCs and measuring the corresponding conversion efficiencies. The effects of the size and density of the spherical voids, and the film thicknesses were examined to obtain the optimal solar cell efficiency. The void size of 500 nm was most effective in scattering sunlight for absorption enhancement in the long-wavelength region(> 600 nm). The highest overall conversion efficiency of 4.07 % was obtained from the photoelectrode of 12 µm thickness, PS sphere concentration of 0.2 g, and PS sphere diameter of 500 nm. An optimum film thickness was determined from a trade-off between the light scattering effect and electron transport efficiency for the optimum cell efficiency. The thin optimum film thickness was brought by a highly enhanced light absorption for the entire wavelength region because of the voids distributed in the film. However, the enhanced light absorption was compensated by the small surface area of the used ZnO nanoparticles.
